Activity was recorded from physiologically identified baroreceptor or chemoreceptor fibers in carotid sinus nerves of urethane-anesthetized spontaneously breathing rabbits. A carotid sinus area was vascularly isolated so that carotid sinus pressure and perfusion medium (Locke's solution or rabbit blood) could be controlled. The cervical sympathetic, vagus, and aortic depressor nerves were bilaterally cut to eliminate vagal and cardiopulmonary reflexes. Baroreceptor fibers could be divided into two groups: fibers with a mean firing threshold of 47.6± 1.9 mm Hg and no activity below this threshold (37 fibers) and fibers that were active at low intrasinus pressures (18.1±2.2 impulses/sec at an intrasinus pressure of 0 mm Hg). The baroreceptor fibers that were spontaneously active at low pressures were also chemically sensitive: discharge rate was increased by 5-hydroxytryptamine (10 fibers,p<0.O1), nicotine (10 fibers, p<O.Ol), or hypercapnia (13 fibers, p<O.OOl). The activity of baroreceptor fibers with a clear pressure threshold was usually decreased by hypercapnia (26 of 27 fibers, from 18.8±3.1 to 13.2+±3.9 impulses/sec). Chemoreceptor fibers failed to respond to intrasinus pressure changes from 0 to 100 mm Hg (n=25 fibers, p>O.5) but were sensitive to chemical changes, as expected. Thus, there is a subset of baroreceptor fibers that, under certain conditions, is spontaneously active at very low intrasinus pressures and responds to changes in the chemical milieu. (Circulation Research 1991;69:1608-1615 F ibers in the carotid sinus nerve' and in the aortic depressor nerve2 have been divided traditionally into two groups, those carrying baroreceptor information and those carrying chemoreceptor information.34 In general, baroreceptor fibers have been defined by their distinct response to pressure, including a clear pressure threshold below which the fibers ceased firing.5 There have, however, been sporadic reports in the literature of baroreceptor fibers that fire at very low intrasinus pressures.6-8 Recently, baroreceptor fibers that are spontaneously active at low intrasinus pressures and that have no clear pressure threshold have been described in the carotid sinus nerve of dogs.9"10 These fibers probably would have been discarded in many of the earlier experiments. In preliminary experiments,"1 we found that in the carotid sinus nerve in the rabbit as in the dog, baroreceptor fibers with spontaneous activity at very low intrasinus pressures exist. We sought to characterize these fibers and noticed that their activity increased under conditions that normally excited chemoreceptors. In the past, numerous studies have demonstrated that there is an interaction between baroreceptor and chemoreceptor reflexes in the control of circulation and respiration.12-20 This interaction has been attributed mostly to central nervous system convergence during processing of information from separate baroreceptors and chemoreceptors in the periphery (e.g., see . Physiological evidence for peripheral interaction is sparse and comes from studies in the cat14 in which activity from single chemoreceptor fibers was influenced by aortic blood pressure levels. There is also one morphological study that predicted that there should be some fibers in the carotid sinus nerve of the mouse that carry both chemoreceptor and baroreceptor information.24
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Materials and Methods General Methods
Forty-five New Zealand White rabbits (2.5-3.5 kg) of either sex were anesthetized with urethane (1 g/kg i.v.). The common carotid artery, carotid sinus, and vagi were exposed through a midcervical incision. In all experiments, except those in which the effects of sympathetic innervation were evaluated (nine rabbits), the postganglionic cervical sympathetic nerves innervating the carotid sinus area, the vagi, and the aortic depressor nerves were isolated, identified carefully under a dissecting microscope, and cut bilaterally before the experiment. In the rabbit, the vagus and aortic depressor nerves are separate and can be identified by their connections to the nodose ganglion. The sympathetic nerves were identified by location and by tracing the nerve to the superior cervical ganglion. To look at the effect of sympathetic innervation, the vagi and aortic depressor nerves were initially bilaterally severed, but the sympathetic nerves were kept intact. The trachea was intubated, and the rabbit spontaneously breathed room air. Heating pads and lights were used to maintain the animal's rectal temperature at 37-38°C. A cannula was placed into the aorta through the left femoral artery and connected to a Statham 23 transducer (Gould, Cleveland, Ohio) for recording arterial blood pressure. The right femoral artery was cannulated, and blood samples were drawn for regular blood gas analysis (pH, Pco2, and Po2, model BMS3 MK2, Radiometer American, Inc., Westlake, Ohio). A cannula was placed into the right femoral vein for supplying additional anesthesia or physiological saline.
Carotid Sinus Perfusion
A carotid sinus area was isolated from the systemic circulation and perfused with Locke's solution or rabbit blood. The common carotid artery was tied in the lower neck, and a stainless-steel catheter was implanted in the anterograde direction as an inlet to perfuse the carotid sinus. The internal carotid artery and any other small arteries originating from the carotid bifurcation were ligated. Another catheter was placed in the retrograde direction into the external carotid artery as an outlet of the perfusion system. The lingual artery was cannulated and connected to a second pressure transducer (Statham 231D, Gould). In 21 rabbits, the carotid sinus was perfused with 37°C Locke's solution (pH 7.35-7.45) aerated with 95% 02-5% C02. Intrasinus pressure was varied from 0 to 200 mm Hg by regulating flow via a peristaltic pump (model 1405, Harvard Apparatus, South Natick, Mass.). The pulse pressure within the carotid sinus area varied directly with the change in flow rate. At a carotid sinus pressure of 100 mm Hg, pulse pressure was -50 mm Hg. At 200 mm Hg, this value was increased to 80 mm Hg, and at 50 mm Hg, it was -20 mm Hg. Pulse rate usually was held in the range of 20-40 beats/min when carotid sinus pressure was at the mean aortic pressure, but this depended on the rabbit, because intrasinus pressure was controlled by outlet tube resistance and pump velocity. At a pressure of 0 mm Hg, there was no visible distortion of the internal carotid artery, and the carotid sinus area did not collapse. In each rabbit, changing the composition of the perfusion medium did not affect pulse pressure or flow rate.
When determining the effect of chemicals on single-unit activity recorded from the carotid sinus nerve, 5 -HT (final concentration of 20 jtg/ml) or nicotine (60 gg/ml) was added to the Locke's solution. In 15 rabbits, the carotid sinus area was isolated as described above, and the isolated carotid sinus was perfused with heparinized (1,000 units/kg), donor rabbit blood that was stored in a refrigerator overnight to eliminate circulating catecholamines. The blood was warmed to 37°C in a water bath before use and then aerated with 95% 02-5% CO2 so that the partial pressures of 02 and CO2 were controlled.
Single-Unit Discharge Recording
The carotid sinus nerve was identified and cut carefully at its junction with the glossopharyngeal nerve. The cut end of the nerve was placed on a plastic electrode plate, covered with mineral oil, and teased into separate bundles, and a single to a few units were recorded by use of a bipolar silver electrode. The signal was displayed on an oscilloscope (model 511A, Tektronix, Beaverton, Ore.), amplified (band-pass width of 300 Hz to 3 kHz, model DAM-6A, World Precision Instruments, New Haven, Conn.), and fed into a window discriminator (model 120, World Precision Instruments) that was used to select a single-unit discharge. This unit discharge was displayed on the oscilloscope and integrated (Gould integral amplifier) for a direct observation of changes in discharge rate. In addition, it was recorded on tape (model 3968A, Hewlett-Packard Co., Palo Alto, Calif.) and on a polygraph (Gould Brush 2600). A baroreceptor fiber was identified by its sensitivity to pressure changes, a clear pressure threshold, and the synchronization of its discharge with the pulse of the perfusion pressure. A chemoreceptor fiber was recognized by an irregular discharge pattern that was not synchronized with the pulse of the perfusion pressure, its lack of a response to pressure changes from 0 to 100 mm Hg, and its response to hypoxia and hypercapnia caused by briefly equilibrating the perfusate with 20% CO2.
Data Analysis
Data were analyzed off-line. Single-unit discharge frequency was counted for 10-second intervals by an Apple lIe computer after being digitized by a Mountain analog-to-digital converter. Mean carotid sinus pressure and single-unit discharge rates were used for statistical analysis. During the control period, single-fiber discharge rates were recorded for 1 minute and counted in 10-second intervals. When determining the effect of CO2 or drugs, the discharge rate began to change -2 minutes after the start of the intervention because of the delay in the perfusion system. The discharge rate was then monitored for the next 5 minutes (from minutes 2-7). A stable response rate was usually obtained by the fifth minute. To characterize the response of single fibers to pressure, mean stimulus-response curves were constructed. These data were also input into an IBM computer to calculate the slope of each curve at 1-mm Hg steps of carotid sinus pressure; a multiple nonlinear regression technique was used to fit the slope of the curves. The fitting was done by use of the IBM computer program GRAPH PAD. Data were expressed as mean±SEM, and one-way analysis of variance or Student's t test was used to evaluate the significance of the experimental results. Values of p<0.05 were considered significant.
Results

Pressure Stimulation
At the beginning of each experiment, intrasinus pressure was held approximately at the mean arterial pressure, and a single unit was isolated. Its response to pressure stimulation was tested: intrasinus pressure was decreased until the fiber ceased firing or until intrasinus pressure was 0 mm Hg. If the fiber ceased firing, the threshold pressure of the fiber was determined. Then mean intrasinus pressure was increased in 25-mm Hg steps to a maximum of 200 mm Hg while recording the discharge frequency over 10-second intervals. If the fiber did not cease firing when the pressure was lowered, intrasinus pressure was held at 0 mm Hg for 30 seconds and then increased as described above. The pressure-response curve of each fiber could be determined in this way. We found that the fibers from which we recorded fell into three groups. The first group of fibers always displayed pulsatile activity that was synchronized with the pressure wave. These fibers ceased firing when carotid sinus pressure was lowered and had a clear pressure threshold ( Figure 1B ). The second group fired at intrasinus pressures as low as 0 mm Hg and had no clear threshold. As intrasinus pressure increased, the firing rate of these fibers increased, and the pattern of firing changed from regular to pulsatile firing that was synchronized with the pulse pressure ( Figure 1A) . The discharge pattern of these baroreceptors at very low intrasinus pressures was indistinguishable from the discharge pattern of chemoreceptor fibers, the third group of fibers. Chemoreceptor fibers responded to changes in the chemical milieu. These fibers were active at all intrasinus pressures.
The relation between intrasinus pressure and discharge rate was determined for these two subsets of baroreceptor fibers and for chemoreceptor fibers (Figure 2 ). Typical baroreceptor fibers had a mean firing threshold of 47.6+1.9 mm Hg while fibers that were low-pressure sensitive continued firing at an intrasinus pressure of 0 mm Hg. At an intrasinus pressure of 120 mm Hg, the two types of pressuresensitive fibers were virtually indistinguishable in discharge rate. Below this intrasinus pressure, lowpressure-sensitive baroreceptors discharged more rapidly than baroreceptor fibers with a pressure threshold. Above 120 mm Hg, the normal baroreceptor fibers fired more rapidly than low-pressure-sensitive baroreceptors. Thus, the slope of the baroreceptor activity-intrasinus pressure function curve was greater than that of low-pressure-sensitive fibers (Figure 2, right panel) . Chemoreceptor fibers were relatively insensitive to pressure changes; however, when intrasinus pressure was low, chemoreceptor fibers discharged at a higher mean frequency than did the low-pressure-sensitive baroreceptors (25.2±4.3 spikes/sec versus 18.8±3.1 to 13.2±4.0 impulses/sec at an intrasinus pressure of 0 mm Hg, Figure 2 , left panel).
Chemical Stimulation
We examined the effects of 5-HT, nicotine, or hypercapnia on fiber discharge frequency in 15 rabbits. After identifying and characterizing a single unit, intrasinus pressure was set at a given level (40-140 mm Hg) and kept at that level. In most cases, we tried to keep carotid sinus pressure near 100 mm Hg, where the intrasinus pressure-discharge frequency curve has its maximum gain. However, in some cases, intrasinus pressure was set far below 100 mm Hg for technical reasons. For example, if two identified fibers were indistinguishable by spike magnitude, intrasinus pressure could be adjusted to be below the threshold level of one of the two fibers. While the carotid sinus area was perfused with donor blood equilibrated with 95% 02-5% CO2 (Po2, 195 mm Hg; Pco2, 27.5 mm Hg; pH, 7.37), discharge frequency was recorded as a control. The carotid sinus area was then perfused for 5 minutes with blood that was aerated with 20% CO2 plus room air (Pco2, 44.8 mm Hg; pH, 7.16), and the afferent fiber discharge rate was recorded again. Figure 3 shows responses to hypercapnia from low-pressure-sensitive baroreceptor fibers and baroreceptor fibers with a clear pressure threshold. Figure 4 shows that hypercapnia significantly increased the discharge rate of low-pressure-sensitive baroreceptors from 19.5±3.5 to 24.7±4.9 impulses/sec (p<0.01, 10 of 11 fibers increased their activity). Chemoreceptor fiber activity also increased, from 20.6±4.5 to 25.1±5.2 impulses/sec (p<0.01, all 10 fibers increased their activity). In contrast, the activity of baroreceptor fibers with a clear pressure threshold decreased from 18.8±3.1 to 13.2±3.9 impulses/sec (p<0.01, 26 of 27 fibers decreased their activity).
Chemoreceptor fibers can be activated by exogenously applied chemicals such as 5-HT or nico- i`I l l L i1 L ' I ' FIGURE 1 . Relation between activity recorded from the carotid sinus nerve (top tracing in each panel) and intrasinus pressure (bottom tracing in each panel). The fiber whose activity is shown in panel A displayed spontaneous activity at an intrasinus pressure of 0 mm Hg. Increases in intrasinus pressure increased fiber activity and changed the pattem of activity from constant firing to pulsatile finng that was correlated with the pressure pulse. This type offiber is thus a low-pressure baroreceptor. The fiber whose activity was recorded in panel B was quiescent at low intrasinus pressures, but once its pressure threshold forfiring was exceeded, it fired in a pulsatile manner similar to that displayed in panel A. Thus, it is a baroreceptor with a clear pressure threshold. tine. 25, 26 We tested whether low-pressure-sensitive baroreceptor fibers also could be activated by these chemicals. The discharge frequency of single fibers was recorded at 0 and 100 mm Hg while the isolated carotid sinus area was perfused with Locke's solution. Either 5-HT or nicotine was added to the Locke's solution, and after 5 minutes of perfusion, the discharge frequency of single fibers was recorded again. Both 5 -HT (n = 10 fibers) and nicotine (n = 10 fibers) significantly increased the discharge frequency of low-pressure-sensitive baroreceptor fibers whether intrasinus pressure was held at 0 or at 100 mm Hg (p<0.01). The percentage increases were 37.6±4.8% by 5-HT and 39.9±8.5% by nicotine at 0 mm Hg and 25.2+5.1% by 5-HT and 30.5±6.4% by nicotine at 100 mm Hg.
Sympathetic Influence
Sympathetic nerves modulate the activity of carotid sinus baroreceptors. [27] [28] [29] [30] [31] We determined whether sympathetic innervation similarly affected activity of low-pressure-sensitive baroreceptors. In nine rabbits, the left cervical sympathetic nerve was kept intact, and baroreceptor activity from the left carotid sinus nerve was recorded while mean intrasinus pressure was at 0 or at 100 mm Hg. Then the left sympathetic nerve was cut, and activity from these single fibers was recorded as before. The absence of sympathetic innervation did not affect the discharge rate of low-pressure-sensitive baroreceptors while intrasinus pressure was 0 mm Hg (from 28.0+5.5 to 26.6+5.2 impulses/sec, p>0.5) but influenced the discharge rate at 100 mm Hg (from 40.2+6.4 to 36.1+6.0 impulses/sec, p <0.05).
Discussion
Pressure Sensitivity
We recorded activity from pressure-sensitive single fibers in rabbit carotid sinus nerve. These fibers could be separated into two groups, those that displayed a threshold for activity and those that were spontaneously active at very low intrasinus pressures. Both groups of fibers fired in a pulsatile manner with increases in blood pressure and thus probably should be classified as baroreceptor fibers.8 The baroreceptor function curve for the fibers with a clear pressure threshold was very similar to the curves that have been reported previously,32 whereas the fibers that fired at very low pressures were less sensitive to pressure changes than the more "typical" baroreceptors. There have been sporadic reports in the literature of baroreceptors that fire irregularly at low pressures,6,7,2733,34 but in some cases,632 this firing has been attributed to deformation of the vessel walls. That the firing at low intrasinus pressures is due to collapse, and thus stretching, of the carotid sinus area can be verified by determining the re-sponse to slight increases in intrasinus pressure: the firing frequency is reduced as pressure is increased slightly.6,33 Our fibers did not behave in this manner but showed a direct relation between firing frequency and intrasinus pressure over the entire pressure range, similar to the recently reported type II fibers described by Seagard et a19 and van Brederode et al. 10 Like these type II fibers, the baroreceptors without a clear pressure threshold fired at very low intrasinus pressures. However, our low-pressure baroreceptors differed from the type II fibers described by these previous studies9'10 in that our low-pressure baroreceptors had a higher firing frequency over the entire range of pressures (0-200 mm Hg). This higher firing frequency may be attributable to differences in experimental preparation or to the manner of activation of the baroreceptors, or it may reflect species differences (dog versus rabbit).5
Chemical Sensitivity
All the baroreceptors that had no clear pressure threshold were sensitive to chemicals that normally activate chemoreceptors. The fibers responded to both pressure and chemical activation over the entire 0-200 mm Hg pressure range. The baroreceptor fiber population with clear pressure thresholds from which we recorded decreased their activity when exposed to hypoxia or hypercapnia, whereas the baroreceptors without a clear pressure threshold increased their activity when exposed to chemicals. Because of these opposite responses to chemical activation, it is seems likely that there are two subsets of baroreceptors within the carotid sinus nerve of rabbits. Barorecep- Co2 FIGURE 3. Responses ofthe two types ofbaroreceptorfibers to hypercapnia. The top tracing ofeach group of three tracings depicts integrated nerve activity in arbitrary units (mm); the second tracing represents the pressure within the carotid sinus area; and the third tracing is activity recorded from a slip of the carotid sinus nerve. The carotid sinus area was perfused with donor rabbit blood that was aerated with either 95% 02-5% CO2 (left side offigure) or with 20% C02 plus room air (right side offigure). Activity was recorded from low-pressure-sensitive baroreceptor fibers (top fiber recording) or baroreceptor fibers with a pressure threshold (bottom fiber recording) before and 5 minutes after the change in gases (arrow). Note that the activity of the low-pressure-sensitive fiber increased with CO2 increases, whereas the activity recorded from the baroreceptor fibers decreased. The chemoreceptive fibers from which we recorded fired at a higher rate than chemoreceptor fibers described in previous reports.1437 With this exception, they behaved the same as other chemoreceptor fibers: hypoxia, hypercapnia, low pH, nicotine, and 5-HT all stimulated these fibers. This increased baseline firing rate may have been due to a partial occlusion of the blood supply to the carotid body when the external carotid artery was occluded. Because the chemoreceptor fibers showed no significant sensitivity to pressure changes, the low-pressuresensitive baroreceptors probably are not a subset of the chemoreceptive fibers that have been described.
Dual Sensitivity
The interaction of pressure and chemical activation in the control of circulation and cardiac function has been documented previously. [14] [15] [16] [17] [18] 20, 22, 23 This interaction could occur at a number of anatomic levels: at the peripheral receptors themselves or at any of the central nervous system areas in which the information is processed. There is scattered information in the literature that implicates all of these regions as possible sites for convergence. For example, in the cat, two medullary sites for baroreceptor and chemoreceptor interaction have been physiologically identified: cells in the solitary nucleus respond to both pressure and chemical stimulation within the carotid sinus area,21 whereas in the ventrolateral medulla, neurons respond to peripheral manipulation of both baroreceptors and chemoreceptors. 22 In addition, the existence of fibers in the carotid sinus nerve that convey both baroreceptive and chemoreceptive information has been previously suggested.20,24 A morphological substrate for peripheral interaction has been described in one study: a baroreceptor fiber that makes contact with a carotid body type I cell within the carotid body in mouse was identified by use of electron microscopy.24 The prediction is that both baroreceptor and chemoreceptor activity should be recorded from such an afferent fiber. We are assuming that the baroreceptors that respond to both pressure and chemicals may be fibers such as the one described in the mouse. Thus, the activity may reflect separate activation of two afferent receptors of a single neuron.
Sympathetic Influences
The influence of catecholamines on baroreceptor discharge rate is well documented.27,30 Stimulation of cervical sympathetic nerves increases the discharge rate and lowers the pressure threshold for carotid sinus nerve baroreceptors. [27] [28] [29] 38 Perfusion of the rabbit carotid sinus area with a fl-receptor agonist also lowers the firing threshold of baroreceptors.39 Sympathetic activation probably does not account for the sensitivity to low pressures that we recorded. If sympathetic activation shifted the sensitivity of the baroreceptors, bilaterally cutting the sympathetic nerves innervating the carotid sinus area should reduce the firing rate of baroreceptor fibers regardless of intrasinus pressure, and we did not find this to be the case. Moreover, in most of our studies, we interrupted the sympathetic innervation to carotid sinus areas and thus eliminated direct sympathetic activation. In addition, the pressure threshold of those baroreceptor fibers with a clear threshold is the same as that which has been reported previously for rabbits. 5 We cannot rule out the contribution of other reflex changes affecting our results such as transitory changes in blood gases due to changes in ventilation or to circulatory changes.
Possible Function
Under the conditions of our experiments, we recorded from a small population of baroreceptor fibers that fired at very low pressures and that responded to chemical changes in the milieu. We do not know whether these fibers are widespread or are unique to rabbits, nor do we know their function. Since the gain of their response is less than that of more typical baroreceptors, they may be conveying static information about intrasinus pressure as opposed to information about rate of change. In addition, since the low-pressure fibers also respond to hypoxia, they may play a role in the integration of information about pressure and the chemical content of blood in the carotid sinus. 
